Puberty is a process that integrates multiple inputs ultimately resulting in an increase in gonadotrophin-releasing hormone (GnRH) secretion. Although kisspeptin neurones play an integral role in GnRH secretion and puberty onset, other systems are also likely important. One potential component is nitric oxide (NO), a gaseous neurotransmitter synthesised by nitric oxide synthase (NOS). The present study aimed to neuroanatomically characterise neuronal NOS (nNOS) in prepubertal female sheep and determine whether oestradiol exerts effects on this system. Luteinising hormone secretion was reduced by oestradiol treatment in prepubertal ovariectomised ewes. Neurones immunoreactive for nNOS were identified in several areas, with the greatest number present in the ventrolateral portion of the ventromedial hypothalamus, followed by the ventromedial hypothalamus, preoptic area (POA) and arcuate nucleus (ARC). Next, we determined whether nNOS neurones contained oestrogen receptor (ER)α and could potentially communicate oestradiol (E 2 ) feedback to GnRH neurones. Neuronal NOS neurones contained ERα with the percentage of coexpression (12%-40%) depending upon the area analysed. We next investigated whether a neuroanatomical relationship existed between nNOS and kisspeptin or nNOS and GnRH neurones. A high percentage of kisspeptin neurones in the POA (79%) and ARC (98%) colocalised with nNOS. Kisspeptin close contacts were also associated with nNOS neurones. A greater number of close contacts were observed in the ARC than the POA. A high percentage of POA GnRH neurones (79%) also expressed nNOS, although no GnRH close contacts were observed onto nNOS neurones. Neither the numbers of nNOS neurones in the POA or hypothalamus, nor the percentage of nNOS coexpression with GnRH, kisspeptin or ERα were influenced by oestradiol. These experiments reveal that a neuroanatomical relationship exists between both nNOS and kisspeptin and nNOS and GnRH in prepubertal ewes. Therefore, nNOS may act both directly and indirectly to influence GnRH secretion in prepubertal sheep.
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| INTRODUCTION
Puberty is a complex process that has been investigated extensively in female mammals. In prepubertal female sheep, low concentrations of oestradiol (E 2 ) potently inhibit the release of gonadotrophin-releasing hormone (GnRH) and thus luteinising hormone (LH). As female sheep approach puberty, the ability of E 2 to inhibit GnRH and LH secretion decreases, thus allowing for an increase in the frequency of GnRH and LH release. 1 Although it is evident that E 2 plays a critical role in the inhibition of GnRH and LH secretion prior to the initiation of puberty, the neural mechanisms by which this feedback is communicated to
GnRH neurones are not well established. Oestradiol negative feedback cannot be directly communicated to GnRH neurones because these neurones do not express oestrogen receptor (ER)α, the oestrogen receptor known to mediate oestrogenic regulation of GnRH secretion. 2, 3 Therefore, in sheep, as well as in several other mammalian species, intermediary neurones that do express ERα must exist to transmit these effects to GnRH neurones.
In sheep, rodents, and primates, kisspeptin appears to play a critical role in puberty onset. The importance of kisspeptin in the initiation of puberty was first discovered when mutations in either kisspeptin or its receptor, Kiss1r, led to an absence of puberty and ultimately resulted in infertility in humans. [4] [5] [6] Kisspeptin neurones are present in both the preoptic area (POA) and arcuate nucleus (ARC) of the hypothalamus, contain ERα, 7 and potently stimulate GnRH/LH secretion.
8,9
However, kisspeptin is unlikely to be the sole communicator involved in puberty onset.
10,11
Nitric oxide (NO) is another potential intermediary that may influence the initiation of puberty. Neuronal nitric oxide synthase (nNOS) is 1 of 3 forms of an enzyme that oxidises l-arginine to l-citrulline and
NO.
12 In mice and rats, a high percentage of nNOS neurones contain ERα. [13] [14] [15] [16] NO stimulates GnRH and LH release in rats 17 and deletion of nNOS results in hypogonadism and infertility in mice. 18 Recent evidence also suggests NO release may be influenced directly by kisspeptin. Kisspeptin close contacts have been observed onto nNOS neurones in the POA and ARC of adult female mice, although only nNOS neurones in the POA express Kiss1r.
19
Very few studies have examined the role of NO in the control of GnRH and LH secretion in species other than rodents and none have characterised the expression of nNOS in prepubertal sheep.
Therefore, we aimed to evaluate the distribution of nNOS neurones in the POA and hypothalamus of prepubertal sheep, determine whether nNOS neurones express ERα, and examine whether a neuroanatomical relationship exists between nNOS and kisspeptin or nNOS and GnRH neurones. We also investigated whether the presence or absence of E 2 would affect these relationships. 
| MATERIALS AND METHODS

| Animals
| Single-label immunohistochemistry for nNOS characterisation
To initially characterise the distribution of nNOS neurones in the hy- 
| Dual-label immunohistochemistry for nNOS and ERα
To and coverslipped using Eukitt Mounting Reagent (Fisher Scientific).
| Dual-label immunofluorescent detection of nNOS and kisspeptin
To determine whether an anatomical relationship existed between nNOS and kisspeptin, 4 hemisections containing the POA (2 at the level of the OVLT, 2 in the mPOA) and 4 sections containing the middle to caudal ARC were selected from 6 OVX and 6 OVX+E prepubertal ewes. The same steps as described above for the previous 2 experiments were used until tissue was placed in a blocking solution con- 
| Dual-label immunofluorescent detection of nNOS and GnRH
To detect nNOS and GnRH neurones in prepubertal ewes, the same protocol as above was used with minor changes. The rabbit antinNOS antiserum (ImmunoStar Inc., Hudson, WI, USA) was the TSA- 
| Immunohistochemistry controls
Specificity of the nNOS antibody in sheep tissue was tested using recommended controls for immunostaining including peptide blocking controls and primary antibody omission controls. 21 These controls abolished all nNOS staining (see Supporting information, Figure S1 ).
In addition to testing the specificity of the nNOS antibody, we also ensured there was no cross-reactivity between any of the antibodies used in the dual-label staining protocols. In these situations, controls in which antibodies were preadsorbed with the opposite peptide or 1 of the primary antibodies was omitted from the protocol were used (see Supporting information, Figures S2 and S3 ).
| Data analysis
| Immunohistochemistry
The distribution of nNOS neurones in all tissue sections from 1 OVX and 1 OVX+E ewe was visualised and mapped using an AZ70 transmitted light microscope (Olympus, Center Valley, PA, USA).
The total number of nNOS neurones, as well as the number and percentage of nNOS neurones that contained ERα, was determined using an AZ70 transmitted light microscope (Olympus). For all experiments, cell counts were made by a single observer who was blinded to the treatment groups.
The number of kisspeptin close contacts onto nNOS neurones in prepubertal ewes was determined by capturing images of 10 nNOS neurones in the POA and 10 nNOS neurones in the ARC of each animal using a LSM 510 laser scanning confocal system (Zeiss, Hornwood, NY, USA) on a Zeiss Axio Image Z1 upright microscope with a Plan
Apochromat × 63/1.4 oil objective. Confocal Z-stacks of optical sections were taken at intervals of 1 μm through each nNOS neurone.
The number of close contacts onto nNOS cell bodies was analysed using ZEN software (Zeiss). Because contacts were counted through the entire Z-stack, markers were placed on each individual contact to ensure that no contacts were counted more than once. Orthogonal views were used to confirm that contacts were touching the cell in all planes. The same approach was used to identify the number of GnRH close contacts onto nNOS neurones in the POA of prepubertal ewes.
To delineate the percentage of kisspeptin and nNOS neurones and GnRH and nNOS neurones that were colocalised in prepubertal ewes, sections were visualised using a fluorescent microscope (VS120; 
| Assays
Luteinising hormone concentrations were measured in duplicate by radioimmunoassay as described previously 22 
| Statistical analysis
Similar to previous work, 3 criteria were used to determine an LH pulse; 1 a peak must occur within 2 samples of the previous nadir; 2 the amplitude must be greater than the sensitivity of the LH assay; and 3 the LH concentration at the peak must exceed the 95% confidence limits (based on overall assay variability) of the concentration at both the preceding and subsequent nadir. 23 
| RESULTS
Circulating mean concentrations of LH were greater (P < .0001) in OVX (6.3 ± 0.9 ng/ml) than in OVX+E ewes (1.9 ± 0.1 ng/ml).
A greater frequency of LH pulses (P < .05) was also observed in OVX (3.0 ± 0.4 pulses/4 hours) compared to OVX+E ewes (1.4 ± 0.7 pulses/4 hours). The amplitude of LH pulses between OVX and OVX+E ewes was not compared because the lack of pulses in 3 of the 6 OVX+E ewes hindered any meaningful analysis.
| Distribution of nNOS neurones in the POA and hypothalamus of prepubertal ewes
Abundant numbers of nNOS neurones were detected in the POA and hypothalamus of prepubertal ewes (Figures 1 and 2 ). Both bipolar and multipolar neurones were observed throughout the continuum of sections and the distribution of neurones was identical between the OVX and OVX+E ewes. In the diagonal band of Broca (DBB), most nNOS neurones were parvocellular (≤15 μm somal diameter) and very lightly stained. Lightly stained fibres were also seen. In these same sections, darkly stained magnocellular neurones 
BNST AHA in these areas were more darkly stained compared to smaller neurones that were a much lighter brown color. At all levels of the ARC, lightly stained neurones and fibres were noted, and there were no observable differences in the number of neurones between the rARC, mARC and cARC ( Figures 1F-H and 2C ). Fibres from nNOS neurones were also seen running from the ARC to the internal zone of the median eminence. In the ventral premammillary nucleus, a majority of the nNOS neurones identified had a bipolar orientation.
Most of the neurones in this area were moderately stained with nNOS fibres also observed.
| Colocalisation of nNOS neurones with ERα
A portion of nNOS neurones in the POA and hypothalamus were found to contain ERα (Figure 3 ). Of the areas analysed, the highest percentage of nNOS neurones that contained ERα was found in the VL-VMH. However, no significant differences in the percentage of nNOS neurones that contained ERα were found between the OVX and OVX+E groups in the POA (19.8% ± 1.9% vs 24.9% ± 2.1%), VMH (13.8% ± 1.6% vs 10.9% ± 1.1%), VL-VMH (45.7% ± 4.9% vs 37.0% ± 4.0%) or ARC (29.4% ± 2.9% vs 29.5% ± 3.1%).
| The effect of oestradiol on the number of nNOS neurones
The number of nNOS neurones present in the POA, VMH, VL-VMH and ARC was compared between the OVX and OVX+E groups. No 
| Colocalisation of nNOS neurones with kisspeptin
Analysis of sections labelled for nNOS and kisspeptin revealed that a high percentage of kisspeptin neurones in both the POA and ARC colocalised with nNOS ( Figure 4 ). In the ARC, 98.2% ± 0.7% of kisspeptin neurones colocalised with nNOS and there were no differences between the OVX and OVX+E groups (Table 1) . When comparing the OVX and OVX+E females, a greater percentage (P < .01) of nNOS neurones in OVX ewes (42.8% ± 5.2%) colocalised with kisspeptin compared to OVX+E ewes (21.6% ± 3.3%) in the ARC (Table 1 ). Few to no kisspeptin neurones were observed in the POA of the OVX group. Therefore, in the POA, the neuroanatomical relationship between nNOS and kisspeptin neurones was only characterised for the OVX+E group. Similar to the ARC, a high percentage (78.9% ± 4.9%)
of kisspeptin neurones colocalised with nNOS (Table 1 ). There was a much higher number of nNOS neurones in the POA than kisspeptin neurones and, as such, only 5.4% ± 1.1% of nNOS neurones were found to colocalise with kisspeptin.
| Colocalisation of nNOS neurones with GnRH
In the POA of prepubertal ewes, colocalisation between nNOS and GnRH neurones was observed ( Figure 5 ). Overall, it was found that 78.5% ± 3.7% of GnRH neurones colocalised with nNOS. There was no difference when comparing OVX and OVX+E ewes ( Table 2) .
Similar to the above data with nNOS and kisspeptin, there were many more nNOS neurones present in the POA than GnRH neurones and therefore only 4.7% ± 1.1% of nNOS neurones colocalised with the GnRH. There was no difference in the percentage of nNOS neurones that colocalised with GnRH between the OVX and OVX+E groups (Table 2 ).
| Inputs between kisspeptin and nNOS neurones
In addition to colocalisation of kisspeptin and nNOS, kisspeptin close contacts onto nNOS neurones were also examined ( Figure 6A ).
Although nNOS close contacts were seen apposed to kisspeptin neurones, they were not quantified because the punctate nature of the nNOS staining combined with the fact that a high percentage of kisspeptin neurones colocalised with nNOS made it difficult to correctly identify what was indeed a nNOS close contact. Therefore, only kisspeptin close contacts onto nNOS neurones were analysed ( Figure 6A ).
When comparing the OVX and OVX+E groups, there was a strong trend (P = .067) for nNOS neurones in the ARC of OVX lambs to have a greater number of kisspeptin close contacts compared to OVX+E lambs (3.2 ± 0.6 vs 0.5 ± 0.2) ( Figure 5B ). In contrast to ARC nNOS neurones that exhibited many kisspeptin close contacts, very few 
| Inputs between GnRH and nNOS neurones
Unlike the kisspeptin innervation that was observed onto nNOS neurones, no GnRH close contacts were observed onto nNOS neurones in the POA of prepubertal ewes. There were nNOS close contacts onto GnRH neurones but, because of the punctate nature of the nNOS staining and high percentage of colocalisation between nNOS and GnRH, nNOS contacts onto GnRH neurones were difficult to accurately identify and, as such, were not quantified.
| DISCUSSION
In the present study, we characterised for the first time the distribution of nNOS neurones in the POA and hypothalamus of prepubertal ewes and found that a significant proportion of these expressed ERα. We also discovered that nNOS was coexpressed to a high degree in GnRH neurones in the POA and in both the ARC and POA populations of kisspeptin neurones. As was expected, the mean LH concentration and LH pulse frequency was decreased in OVX+E compared to OVX prepubertal ewes. However, we observed that GnRH, kisspeptin or ERα were influenced by oestradiol. In addition, kisspeptin close contacts onto nNOS neurones were observed in the ARC, establishing a potentially functional connection between these 2 neuronal populations.
Because NO influences myriad physiological processes within the body, 24 including reproduction, 17, 18 it is not surprising that a large number of nNOS neurones is found in the POA and throughout the hypothalamus of prepubertal ewes. The distribution of nNOS neurones in the present study was very similar to that previously reported in adult ewes using histochemistry for NADPH diaphorase (NADPHd), 25 which serves as an enzymatic marker for NOS neurones. 26 The distribution of nNOS neurones in sheep also compares well with that previously described in rats, 27 mice, 13 nonhuman primates 28 and humans. 29 Because
NO is a gaseous neurotransmitter with a half-life of around 1 second, cells must be within approximately 100-200 μm of a NO-producing cell for NO to exert its effects. 30 Thus, because nNOS neurones are so widely and densely distributed throughout the POA and hypothalamus, the potential exists for NO to influence the activity of many cells.
We observed a high degree of ERα expression in nNOS neurones.
This is consistent with previous work in rodents because ERα is found in a high percentage of nNOS/NADPHd neurones in the rat [14] [15] [16] and mouse. 13, 16 Thus, we hypothesised that oestradiol treatment of OVX ewes would alter nNOS expression, either generally or in a region- the relationship between nNOS and kisspeptin may be expressed in a species-dependent manner. In addition, we cannot rule out ageassociated changes because our sheep were prepubertal, whereas mice from previous work were adults.
In addition to analysing the potential connections between nNOS
and kisspeptin, we also examined the neuroanatomical relationship between GnRH and nNOS neurones. We found that a high percentage of GnRH neurones in the POA of prepubertal ewes coexpressed nNOS. This is in contrast to a previous study in rats reporting that there was no overlap between GnRH and nNOS expression. 36 These results suggest that species variations may exist in nNOS and GnRH coexpression. In addition, we did not observe GnRH-containing contacts onto nNOS neurones. This is consistent with previous work in rodents, 36, 37 where GnRH neurones are surrounded by nNOS neurones but, at least in mice, very few close contacts between the 2 neuronal populations were observed. These data raise the possibility that nitric oxide synthesised within the POA of prepubertal ewes has the capacity to influence GnRH secretion in an autocrine or paracrine manner.
In summary, these results demonstrate that nNOS-containing neurones are widely distributed throughout the POA and hypothalamus of prepubertal ewes, and these neurones colocalise to a high degree with ERα, kisspeptin and GnRH. Furthermore, a neuroanatomical relationship between nNOS and kisspeptin and nNOS and GnRH was established in prepubertal ewes, and the presence of oestradiol had minimal to no effect on the percentage of coexpression or numbers of close contacts. Altogether, these results suggest the potential for nitric oxide to act both directly and indirectly to influence GnRH secretion in prepubertal ewes. 
